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ABSTRACT S100A13 is a member of the S100 protein family that is involved in the copper-dependent nonclassical secretion
of signal peptideless proteins ﬁbroblast growth factor 1 and interleukin 1a. In this study, we investigate the effects of interplay
of Cu21 and Ca21 on the structure of S100A13 using a variety of biophysical techniques, including multi-dimensional NMR
spectroscopy. Results of the isothermal titration calorimetry experiments show that S100A13 can bind independently to both
Ca21 and Cu21 with almost equal afﬁnity (Kd in the micromolar range). Terbium binding and isothermal titration calorimetry data
reveal that two atoms of Cu21/Ca21 bind per subunit of S100A13. Results of the thermal denaturation experiments monitored by
far-ultraviolet circular dichroism, limited trypsin digestion, and hydrogen-deuterium exchange (using 1H-15N heteronuclear
single quantum coherence spectra) reveal that Ca21 and Cu21 have opposite effects on the stability of S100A13. Binding of
Ca21 stabilizes the protein, but the stability of the protein is observed to decrease upon binding to Cu21. 1H-15N chemical shift
perturbation experiments indicate that S100A13 can bind simultaneously to both Ca21 and Cu21 and the binding of the metal
ions is not mutually exclusive. The results of this study suggest that the Cu21-binding afﬁnity of S100A13 is important for the
formation of the FGF-1 homodimer and the subsequent secretion of the signal peptideless growth factor through the
nonclassical release pathway.
INTRODUCTION
S100 proteins are the largest family within the EF-hand
protein super-family (1,2). S100 proteins are acidic proteins
of small molecular mass (;10–12 kDa), devoid of disulﬁde
bonds. They contain two EF-hands, an S100-speciﬁc EF-
hand located at the N-terminal end followed by a classical
Ca21-binding EF-hand (3–6). S100 proteins have been
implicated in Ca21 homeostasis and a wide array of Ca21-
dependent signaling pathways that regulate important cellu-
lar processes such as differentiation, development, and tumor
growth (7–9). S100 proteins exhibit distinct cell- and tissue-
speciﬁc expression and are believed to be involved in a
multitude of human diseases such as cystic ﬁbrosis, cardio-
myopathy, rheumatoid arthritis, and several types of cancer
(10–14).
To date, S100A13 is the only member of the S100 family
that is known to exhibit ubiquitous expression in a broad
range of tissues (10,14). Unlike other S100 proteins, which
exhibit positive cooperativity for the four calcium binding
sites in their dimeric structure, S100A13 contains two Ca21
binding sites with distinctly different afﬁnities (14,15). In ad-
dition, in typical S100 proteins, the binding of Ca21 leads to
opening of EF-hand domains, which in turn renders large
hydrophobic surface(s) accessible to the solvent (5,16). The
solvent-exposed hydrophobic domain(s) provides a binding
surface for the protein-protein interaction (2,7,16). In marked
contrast, the Ca21-free apo-form of S100A13 shows solvent-
exposed hydrophobic pockets (14,15). Conversely, in the pres-
ence of calcium, a drastic decrease in the solvent-accessible
nonpolar surface(s) is observed (14,15,17). Therefore, it is
believed that the molecular mechanism of activation of
S100A13 is distinctly different from that of other S100
proteins. S100A13 is known to be involved in the nonclas-
sical export of signal peptideless proteins such as ﬁbroblast
growth factor (FGF-1) and interleukin 1a (15,18,19). For-
mation of the multi-protein release complex, consisting of
FGF-1, S100A13, and the p40 form of synaptotagmin 1 (p40
Syt1) is crucial for the nonclassical secretion of FGF-1 (18).
Several studies have demonstrated that copper ions (Cu21)
play a vital role in the organization of the FGF-1 multi-
protein release complex (18,20,21). Depletion of Cu21 using
a speciﬁc chelator, tetrathiomolybdate, is shown to inhibit
the stress-induced release of FGF-1 (20,21). Cu21 is believed
to be crucial for the formation of the covalent FGF-1
homodimer that is present in the multi-protein complex (18).
It has been demonstrated that the homodimerization of
FGF-1 mediated by cysteine 30 is critical for FGF-1 release
(20,21). Additionally, Cu21 ions induce noncovalent bind-
ing between FGF-1, S100A13, and p40 Syt1 (20). However,
the primary source of Cu21 ions required for the formation of
the FGF-1 homodimer is still not clear. Interestingly, in ad-
dition to Ca21, many members of the S100 protein family
bind to other metals, such as zinc and copper (22). These
Submitted December 22, 2005, and accepted for publication May 22, 2006.
Address reprint requests to T. K. S. Kumar, Dept. of Chemistry and Biochem-
istry, University of Arkansas, Fayetteville, AR 72701. Tel.: 479-5755646;
Fax: 479-5754049; E-mail: sthalla@uark.edu; or to Chin Yu, Dept. of Chem-
istry, National Tsing Hua University, Hsinchu, Taiwan 300. Tel.: 886-35-
721524; Fax: 886-35-711082; E-mail: cyu@mx.nthu.edu.tw.
 2006 by the Biophysical Society
0006-3495/06/09/1832/12 $2.00 doi: 10.1529/biophysj.105.079988
1832 Biophysical Journal Volume 91 September 2006 1832–1843
transition metal ions are believed to play a regulatory role by
modulating the afﬁnity of various S100 proteins for Ca21
and/or protein targets (22). In this context, in the study de-
scribed here, we investigate the afﬁnity of S100A13 to Cu21
ions and describe the structural interplay between Ca21 and
Cu21 binding to the protein. The results obtained show that
S100A13 binds to Cu21 ions with high afﬁnity. Cu21 binds
to dimeric S100A13 structures at a novel location connecting
the N-terminus of one subunit with the hinge region of the
other subunit. It appears that S100A13 can act as a source for
Cu21 ions required for the organization of the FGF-1 multi-
protein release complex.
EXPERIMENTAL METHODS
Protein expression and puriﬁcation
The ampliﬁed cDNA of S100A13 was inserted into a pGEX expression
vector. The expression of S100A13 was carried out in Escherichia coli.
15N-labeled protein was prepared by growing the cells in M9-minimal
medium containing 15N-labeled NH4Cl as the sole source of nitrogen. The
expressed glutathione S-transferase (GST)-fused S100A13 was puriﬁed on a
GST column(s). Apo-S100A13 preparations were made by repeated dialysis
of the protein against EDTA. The absence of the metal was veriﬁed by the
isocompetition point mass. The GST tag was eliminated by thrombin
(Sigma, St. Louis, MO) cleavage and the protein was repuriﬁed by afﬁnity
chromatography on GST-sepharose.
Isothermal titration calorimetry (ITC)
Metal binding to S100A13 was characterized by measuring the heat changes
during the titration of the relevant metal chloride into the protein solution us-
ing Microcal VP titration calorimeter (Northampton, MA). S100A13 and
metal chloride solutions were centrifuged and degassed under vacuum con-
dition before titration. The sample cell contained 0.1mMS100A13 dissolved
in 25 mM Tris buffer (pH 7.2) containing 25 mM KCl. Solutions of 2 mM
CaCl2/CuCl2 were prepared in the same buffer as used in the cell sample and
the pH of the solutions was corrected to 7.2. Titrations were performed by
injecting 5- to 10-mL aliquots of 2 mM ligand (CaCl2/CuCl2) into a 0.1-mM
solution of S100A13. The titration of S100A13 with the C2A domain
was performed at 25C by dissolving both the proteins in 25 mM Tris buffer
(pH 7.2) containing 25 mM KCl. Results of the titration curves were cor-
rected using protein-free buffer control and analyzed using Origin software
supplied by Microcal (Northampton, MA).
Fluorescence spectroscopy
Fluorescence experiments were carried out on a Hitachi F2500 spectroﬂu-
orimeter (Tokyo, Japan). The Tb31 titration was carried out using a stock
solution of 50 mM TbCl3 containing 25 mM Tris (pH 7.2) and 25 mM KCl.
All experiments were performed using a quartz cell with a light path of 10
mm and an excitation wavelength of 280 nm. Tb31 emission spectra were ac-
quired between 400 nm to 600 nm. The slit widths for emission and exci-
tation were set at 2.5 nm and 10 nm, respectively. All experiments were
carried out at a protein concentration of 50 mM.
8-anilino-1-naphthalenesulfonate
binding experiments
The 8-anilino-1-naphthalenesulfonate (ANS) binding experiments were
performed using a Hitachi F-2500 spectroﬂuorometer at 25C. Fluorescence
spectra were recorded using an excitation wavelength of 390 nm and an
emissionwavelength range of 400–600 nm. Ca21 and Cu21were added from
a 1-M stock solution of CaCl2/CuCl2 prepared in the storage buffer (pH 7.2)
containing 25 mM KCl and 25 mM Tris (pH 7.2). Control experiments with
ANS were carried out under the same buffer conditions, but in the absence of
the protein. The ﬁnal concentrations of the protein andANS usedwere 50mM
and 250 mM, respectively.
Circular dichroism
The circular dichroism (CD) experiments were performed using a Jasco
J-720 spectropolarimeter (Tokyo, Japan). All CD experiments were carried
out at 100 mg/mL protein concentration. A 0.2-cm quartz cell was used for
all the experiments and the signal was monitored in the wavelength range of
200–250 nm. Each spectrum represents an average of 10 scans.
Proteolytic digestion
Proteolytic digestion experiments were carried out at 25C using trypsin
(Sigma) as the proteolytic enzyme, in the absence or presence of the metal
ions (at a metal ion(Cu21/Ca21) concentration of 2 mM). Proteolytic di-
gestions were carried out at an enzyme/protein molar ratio of 1:10. The re-
action was arrested at regular time intervals by the addition of the gel loading
dye (Bio-Rad, Hercules, CA). The degree of proteolytic cleavage was esti-
mated by densitometry of the intensity of the ;12-kDa band corresponding
to the uncleaved S100A13. The intensity of the S100A13 band not subjected
to the trypsin treatment was used as a control for 100% protection against
trypsin cleavage.
NMR spectroscopy
NMR experiments were performed on a Bruker Avance DMX-700 MHz
spectrometer (Billerica, MA) equipped with a 5-mm inverse cryoprobe. The
protein samples were prepared in 25 mM d6-Tris HCl containing 25 mM
KCl, 2 mM CaCl2/CuCl2, and 0.03% NaN3. The pH of all the samples was
corrected to 7.2. All NMR data were acquired at 25C and the data were
analyzed using XWINNMR 3.5 software supplied by Bruker.
Hydrogen-deuterium exchange experiment
The protein samples (Ca21-bound or Cu21-bound S100A13 titrated with 2
mM CaCl2) were lyophilized along with 25 mM Tris HCl and 25 mM KCl.
The lyophilized powder was dissolved immediately in 0.55 mL of D2O. The
pH (7.2) was not corrected for deuterium effects. Data collection was ini-
tiated after 10 min of incubation of the protein in D2O. The concentration of
S100A13 used was 0.5 mM. The 600 1H-15N heteronuclear single quantum
coherence (HSQC) spectra were acquired continuously for a time period
of 200 h. All data were analyzed using the Kaleidagraph software (Synergy
Software, Philadelphia, PA).
RESULTS
Apo-state of S100A13 binds to both Ca21
and Cu21
Isothermal titration calorimetry is an important tool for the
direct measurement of thermodynamic parameters in various
biological interactions (23). As ITC is dependent only on the
exchange of heat during a reaction, it is an invaluable tool for
monitoring a variety of reactions independent of spectro-
scopic changes. ITC has been successfully used not only to
Metal Binding Afﬁnity of S100A13 1833
Biophysical Journal 91(5) 1832–1843
quantitatively measure binding afﬁnities between two in-
teracting molecules but also to calculate various thermody-
namic parameters, such as change in Gibbs free energy (DG),
enthalpy change (DH), entropy change (DS), and speciﬁc
heat capacity (DCp), that provide insights into the nature and
magnitude of interactions that govern protein-protein or
protein-metal interactions (24). It is in this context that we
used ITC to characterize the binding afﬁnity of S100A13 to
metal ions such as Ca21 and Cu21. The binding curve rep-
resenting the interaction between apo-S100A13 and Ca21 is
almost hyperbolic (Fig. 1 A). The binding between apo-
S100A13 and Ca21 is exothermic and the reaction proceeds
with a negative change in enthalpy. Best-ﬁt of the binding
isotherm yields apparent binding constant values of ;8 mM
and ;66 mM (Table 1). The binding curve saturates at a
Ca21/protein dimer ratio of 4:1. Recently, Arnesano et al.,
studying the afﬁnity of human S100A13 to Cu21, reported
that prior binding of Ca21 is a prerequisite for the binding of
Cu21 to the protein (17). They suggested that binding of
Ca21 to S100A13 triggers a drastic conformational change cre-
ating a novel site for Cu21. The results of their study imply
that Cu21 cannot bind to apo-S100A13 independently of Ca21.
To verify this observation, we investigated the binding
afﬁnity of apo-S100A13 to Cu21. Interestingly, the binding
isotherm of apo-S100A13 with Cu21 clearly shows that
Cu21 binds to apo-S100A13 (Fig. 1 B) and the binding
constant values characterizing the apo-S100A13-Cu21 in-
teraction are ;12 mM and ;55 mM, respectively (Table 1).
These results suggest that S100A13 binds to Ca21 and Cu21
with almost similar afﬁnities. The binding curve saturates at
Cu21 to the S100A13 monomer ratio of 2:1, suggesting that
four Cu21 ions bind per molecule of the S100A13 dimer
(Table 1). Thus, ITC data clearly show that apo-S100A13
binds to both Ca21 and Cu21, and the binding of Cu21 does
not require the prior binding of Ca21 to the protein.
Conformational changes monitored by
ANS binding
The three-dimensional structures of S100 proteins are
characterized by the presence of two EF-hands (2,3). Each
EF-hand presents a helix-loop-helix structure (2). Ca21 bind-
ing sites are located in the loop portions of the helix-loop-
helix structures. Ca21 binding decreases the ﬂexibility of
residues in the loop portion of the helix-loop-helix structure,
and consequently a small b-sheet segment is induced in that
region in most S100 proteins, including S100A13 (2,5;
Sivaraja et al., unpublished results). In addition, binding of
Ca21 to S100 proteins is known to cause a signiﬁcant change
of the interhelical angle between helix-3 and helix-4 at the
C-termini (5). These subtle secondary structural changes in
S100A13 could not be clearly detected by conventional spec-
troscopic probes such as infrared spectroscopy and circular
dichroism spectroscopy (15). Therefore, we used ANS bind-
ing experiments to monitor the conformational changes in-
duced by metal ions (Ca21/Cu21) in S100A13.
ANS is a hydrophobic dye that has been successfully used
to detect solvent-accessible hydrophobic surface(s) in pro-
teins. Using ANS binding experiments we had previously
shown that there are large areas of solvent-accessible non-
polar surfaces in apo-S100A13 (15). Presence of solvent-
exposed nonpolar clefts in apo-S100A13 is manifested by an
intense ANS emission signal that is blue-shifted by ;30 nm
(from 520 nm in the absence of the protein to 490 nm in the
FIGURE 1 Isothermograms repre-
senting the binding of S100A13 to (A)
Ca21 and (B) Cu21. The upper panels
represent the raw data and the bottom
panels are the best ﬁts of the raw data.
The binding isotherms have been ﬁt to
the multiple binding sites model. The
concentration of protein used was 100
mM in 25 mM Tris (pH 7.2) containing
25 mM KCl. Appropriate background
corrections were made to account for
the heats of dilution and ionization. All
experiments were performed at 25C.
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presence of the protein). Addition of Ca21 results in a pro-
gressive decrease in the emission intensity of the dye, sug-
gesting a subtle conformational change resulting in the
increase in the fraction of free ANS in the bulk polar solvent.
(Fig. 2 A). This situation is in sharp contrast to that observed
in other S100 proteins, wherein Ca21 binding results in an
increase in the solvent accessibility of nonpolar residues lo-
cated in the cleft between helix-3 and helix-4 (comprising the
C-terminal EF-hand (Ridinger et al. (14)). Typically, Ca21-
bound states of S100 proteins recognize and bind to their
target proteins through the solvent-exposed hydrophobic sur-
faces (3). The nonavailability of such solvent-accessible
nonpolar surfaces in the Ca21-bound state of S100A13 sug-
gests that its mechanism of activation and recognition of tar-
get protein partners is signiﬁcantly different from other
members of the S100 protein family.
It was interesting to examine whether Cu21, like Ca21,
could also bring about subtle conformational changes that in-
ﬂuence the solvent accessibility of hydrophobic residues in
S100A13. Fig. 2 B shows that the emission intensity of ANS
at 520 nm gradually decreases with an increase in the con-
centration of Cu21. The decrease in emission intensity is ac-
companied by a progressive red shift in the emission maxima
of ANS from 490 nm to 508 nm, suggesting the burial of the
nonpolar surface to the interior of the protein molecule. In-
creasing the Cu21 concentration beyond 0.2 mM does not
produce further appreciable decrease in the ANS emission in-
tensity, indicating the saturation of the Cu21-mediated struc-
tural changes beyond this metal ion concentration (0.2 mM)
(Fig. 2, B and C). Although both Ca21 and Cu21 promote the
burial of the solvent-accessible nonpolar residues to the
interior of the protein (S100A13), the degrees of exposure of
the nonpolar residues to the solvent are possibly different in
the Ca21- and Cu21-bound states of S100A13. The exposure
of solvent-accessible nonpolar surface(s) is marginally higher
in the Cu21-bound state than that observed in the Ca21-
bound state of S100A13 (Fig. 2 C). Titration of the Cu21-
bound S100A13 with increasing concentration of Ca21 not
only results in a gradual red shift in the emission maxima
(from 480 nm to 500 nm) but also in a decrease in the emis-
sion intensity of the hydrophobic dye (at 520 nm, Fig. 2 C).
Upon addition of 2 mM of Ca21 to the Cu21-bound
S100A13, the relative emission intensity of ANS (at 520 nm)
matches quite well with that obtained upon binding to the
protein in the presence of only Ca21. These results support
our conclusion that the degree of solvent accessibility of the
nonpolar surfaces in S100A13 is higher in the presence of
Cu21 than that observed in the presence of Ca21.
Detection of conformational changes using
limited trypsin digestion
Limited protease digestion analysis is a valuable technique
for probing conformational changes induced in a protein
upon ligand binding (25). The factors that primarily in-
ﬂuence protease-induced cleavage are solvent accessibility
of the susceptible sites, their protrusion from the surface of
the protein, hydrogen bonds between cleavage sites and the
rest of themolecule, ﬂexibility of the site, and its propensity to
local unfolding/packing (26). In this background, we used
limited trypsin-digestion analysis as a tool to probe the pos-
sible structural changes induced in S100A13 by metal ions
(Ca21 and Cu21). Trypsin generally cleaves proteins at the
C-terminal ends of basic amino acids such as lysine and ar-
ginine. As S100A13 is rich in lysine and arginine residues,
trypsin is an apt choice tomonitor the conformational changes
induced by the metal ions (Ca21 and Cu21). The extent of
proteolytic cleavage was monitored from the decrease in
intensity of the 12-kDa Coomassie blue-stained band (on so-
dium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)) corresponding to uncleaved S100A13 (Fig.
3 A). Cleavage of apo-S100A13 occurs instantaneously upon
addition of trypsin. More than 80% of the protein is cleaved
within 70 min of initiation of the cleavage reaction (Fig. 3, A
and B). In marked contrast, the Ca21-bound state of S100A13
is resistant to trypsin cleavage (Fig. 3, A and B). More than
90% of the S100A13 protein remains uncleaved after 70 min
of initiation of the trypsin cleavage (Fig. 3). These results
show that the protein assumes a more tightly packed con-
formation upon binding to Ca21. The degree of susceptibility
of Cu21-bound S100A13 to trypsin cleavage is higher than
observed in the Ca21-bound state of S100A13 (Fig. 3, A and
B). In the presence of Cu21, .30% of the 12-kDa band (on
SDS-PAGE) is cleaved after 90 min of the cleavage reaction
(Fig. 3 B). The rate of trypsin-induced cleavage of Cu21-
bound S100A13 is signiﬁcantly higher than that observed in
the Ca21-bound state of S100A13, but lower than in the apo-
state of the protein (Fig. 3 B). Results of the trypsin digestion
experiment clearly show that structures of the Ca21 and
Cu21-bound states of S100A13 are subtly different. The
Ca21-bound state of S100A13 appears to be more tightly
packed than the Cu21-bound form of the protein.
TABLE 1 Binding parameters characterizing the S100A13-metal interation
Binding constant(mM)
Interaction type Kd1 Kd2 DGb(kcal mol
1) N (number of binding sites per monomer)
apo-S100A13 1 Ca21 8 6 1 66 6 1 8.065 6 0.5 2
apo-S100A13 1 Cu21 12 6 1 55 6 1 7.086 6 0.5 2
Ca21-bound S100A13 1 Cu21 62 6 1 120 6 1 6.126 6 0.5 2
Cu21-bound S100A13 1 Ca21 7.6 6 1 140 6 1 7.808 6 0.5 2
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Conformational changes monitored by
2D NMR spectroscopy
1H-15N HSQC spectrum is a ﬁnger-print of the backbone
conformation of a protein (27). Each 1H-15N crosspeak in the
spectrum represents the microenvironment of an amino acid
residue in a given conformation of the protein (27). There-
fore, the conformational transitions induced by the metal
ions (Ca21/Cu21) can be easily traced from the perturbation
of the crosspeaks in the 1H-15N HSQC spectrum. The 1H-15N
HSQC spectrum of apo-S100A13 is not well-dispersed and
many crosspeaks in the spectrum are broadened (Fig. 4 A).
We have been able to accomplish only partial assignment of
the resonances in apo-S100A13. However, addition of Ca21
drastically increases the dispersion of crosspeaks in the
1H-15N HSQC spectrum (Fig. 4 B). All the crosspeaks in the
1H-15NHSQC spectrum of the Ca21-bound state of S100A13
have been unambiguously assigned (28). The three-dimen-
sional solution structure of the Ca21-bound S100A13 has
been recently solved at high resolution (15). As mentioned
earlier, b-sheet conformation is induced in the Ca21-binding
site located in the loop portion of the helix-loop-helix
structure (in the EF-hands). Residues involved in the calcium
binding site in S100A13 include 24–29 and 34–37 in the
N-terminal EF-hand, and 64–68 and 71–74 in the C-terminal
EF-hand. Most of these residues constitute the new b-sheet
segment induced upon Ca21-binding to S100A13. The
crosspeaks of residues involved in the beta-sheet show good
chemical shift dispersion in the 1H-15N HSQC spectrum. The
transformation of the structureless loop to the b-sheet
conformation is reﬂected in the emergence of new cross-
peaks from the severely overlapped region(s) of the 1H-15N
HSQC spectrum of S100A13 (Fig. 4 B). Increase in the
interhelical angle between helices (H3 and H4 of the EF-
hand) does not appear to cause signiﬁcant chemical pertur-
bation of crosspeaks in the 1H-15N HSQC spectrum. In
summary, binding of Ca21 to apo-S100A13 causes twomajor
structural changes: 1), induction of b-sheet conformation in
the loop region of the helix-loop-helix structure in both
EF-hands; and 2), change in the interhelical angle between
helices constituting the C-terminal EF-hand.
Copper (Cu21) is a paramagnetic and, therefore, if Cu21
should bind to a protein, then the NMR signals at the metal
(Cu21) binding site would be expected to broaden with the
reciprocal of the sixth power of themetal-nucleus distance (29).
There have been numerous studies wherein crosspeaks of
residues (in the 1H-15N HSQC spectrum) that are within the
vicinity of the Cu21-binding site(s) have been shown to
decrease in intensity and subsequently disappear (30,31). Se-
lected crosspeaks in the 1H-15N HSQC spectrum of apo-
S100A13, acquired in the presence of 1 mM Cu21, show a
progressive decrease in intensity upon addition of Cu21. Most
of these crosspeaks are located in the crowded region(s) of the
1H-15N HSQC spectrum and hence could not be unambigu-
ously assigned (Fig. 4 C). The dramatic increase in the
chemical-shift dispersion of the crosspeaks in the 1H-15N
HSQC spectrum observed when Ca21 binds to the protein
(S100A13) is not seen in the 1H-15N HSQC spectra of the
Cu21-bound S100A13. The increased chemical-shift disper-
sion observed in the presence of Ca21 is primarily attributed to
the induction ofb-sheet conformation at the Ca21 binding site.
Therefore, it appears that, unlike Ca21, the binding of Cu21 to
S100A13 does not induce new b-sheet conformation in the
protein. Based on the analysis of 1H-15N chemical-shift
perturbation, ITC, and ANS binding data, the following
FIGURE 2 (A) Emission spectra of ANS in the presence of the S100A13
at various concentrations of Ca21. The inset ﬁgure shows the decrease in
ﬂuorescence intensity of ANS (at 520 nm) upon increasing the concentration
of Ca21. (B) Emission spectra of ANS in the presence of S100A13 at various
concentration of Cu21. The inset ﬁgure depicts the decrease in the ANS
emission intensity (at 520 nm) as a function of the concentration of Cu21.
(C) Changes in ANS emission intensity (at 520 nm) upon addition of Ca21
alone (red) and Cu21 alone (blue) to S100A13. The portion of the curve
indicated in green shows the decrease in the ANS emission intensity when
increasing amounts of Ca21 (0–0.5 mM) are added to the Cu21-saturated (2
mM) S100A13. The concentrations of S100A13 and ANS used are 50 mM
and 250 mM, respectively. Background corrections were made in all the
spectra. The dashed line indicates the beginning of the titration of the Cu21-
saturated (2 mM) S100A13 with increasing concentration of Ca21.
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general conclusions could be drawn on the effects of binding of
Cu21 to apo-S100A13. 1), Two Cu21 ions bind per subunit of
apo-S100A13. However, it is not clear if the Cu21 ions bind at
theCa21-binding sites or at sites remote from theCa21-binding
sites. 2), Unlike Ca21, binding of Cu21 does not appear to lead
to the induction ofb-sheet conformation in the helix-loop-helix
structure of the two EF-hands. 3), ANS binding data show that
Cu21 binding results in partial burial of the solvent-accessible
nonpolar surfaces in the protein. However, the degree of
accessibility of the nonpolar surface(s) in the Cu21-bound
S100A13 structure is higher than that observed in the structure
of the Ca21-bound S100A13.
Binding of Ca21 and Cu21 to S100A13 is not
mutually exclusive
The results discussed thus far clearly show that S100A13 can
bind to both Ca21 and Cu21. In this context, it would be in-
teresting to understand if these two metal ions compete for
the same site(s) in the protein. ITC experiments, monitoring
the titration of calcium-bound (2 mM Ca21) S100A13 with
Cu21 reveal that the binding of the two metal ions (Ca21 and
Cu21) is not mutually exclusive (Fig. 5 A). Although the ap-
parent binding-constant values characterizing the binding of
Cu21 to the Ca21-bound S100A13 is marginally lower than
that observed in the absence of Ca21 (Table 1), the number
of Cu21 ions bound to the protein remains the same (two
Cu21 ions per monomer of the Ca21-bound S100A13). Sim-
ilarly, the best-ﬁt of the binding curve representing the titra-
tion of Cu21-bound S100A13 with Ca21 shows that there are
;2 Ca21-binding sites per subunit of the Cu21-bound
S100A13 (Fig. 5 B). The binding constant values for the
high-afﬁnity and low-afﬁnity Ca21-binding sites (Kd1) do not
change signiﬁcantly in the presence of saturating amounts of
Cu21 (Table 1). These results clearly suggest that both Ca21
and Cu21 can bind simultaneously to S100A13.
It is interesting to explore whether the two metal ions
(Ca21 and Cu21) compete for the same binding sites on the
protein. Terbium (Tb31) is a valuable ﬂuorescent probe that
is used to investigate Ca21-binding properties of proteins
(32). Tb31 is known to bind to the Ca21-binding sites and
induce luminescence in the visible region via energy transfer
from the aromatic residues in proteins (32). The competition
between Ca21 and Cu21 ions to bind to S100A13 was probed
by ﬂuorescence energy transfer (FRET) experiments using
Tb31. Fluorescence intensity of Tb31 at 565 nm is observed
to progressively increase when S100A13 is titrated with in-
creasing concentrations of TbCl3 (Fig. 6 A). The increase in
Tb31 ﬂuorescence is compounded by a concomitant de-
crease in the tryptophan ﬂuorescence intensity at 340 nm
(data not shown). The ﬂuorescence energy transfer from the
aromatic residues in S100A13 to Tb31 suggests that some of
the aromatic residues (Trp and Tyr) are located spatially
close to the Ca21 (or Tb31) binding sites in the protein. The
emission intensity at 565 nm is observed to plateau at a
S100A13/Tb31 ratio of 1:2, additionally conﬁrming that two
Ca21 ions bind per subunit of S100A13 (Fig. 6 A, inset). The
Ca21-to-S100A13 binding stoichiometry obtained from the
Tb31 binding data is consistent with that derived from the ITC
experiments. Assuming that the Ca21 and Tb31 binding sites
on S100A13 are the same, we measured the binding afﬁnity
of Ca21 to S100A13 using the Tb31-Ca21 competition assay.
S100A13, saturated with 2 mM Tb31, was titrated with in-
creasing concentrations of Ca21 and the binding afﬁnity (Kd)
of Ca21 to S100A13 was obtained from the decrease in Tb 31
ﬂuorescence at 545 nM. The Kd value estimated for the
Ca21-S100A13 interaction from the Tb31/Ca21 competition
assay (;25 mM) is in the same range as that obtained from
the ITC data (Kd ; 8 mM).
The afﬁnity of S100A13 to Tb31was examined in the pres-
ence of saturating concentrations (2 mM) of Cu21 to assess
whether the Ca21 (or Tb31) competes for the Cu21 sites in the
protein. Even at a saturating concentration of Cu21 (2 mM),
the ﬂuorescence at 565 nm steadily increases with an
increase in the concentration of Tb31, suggesting that the bind-
ing of Ca21 (or Tb31) and Cu21 to S100A13 are mutually
independent (Fig. 6 B). The Ca21 (or Tb31)-to-S100A13
binding stoichiometry remains unchanged even in the pres-
ence of an excess of Cu21. On the other hand, S100A13
saturated with Tb31 (2 mM) and titrated with increasing
FIGURE 3 (A) SDS-PAGE analysis of the
trypsin cleavage products of free S100A13 and
S100A13 in the presence of metal ions (2 mM
Ca21/Cu21). Lanes 1 to 8 indicate the progress
of the trypsin-induced cleavage of S100A13
after 0 min, 10 min, 20 min, 30 min, 40 min,
50 min, 60minutes, and 70 min of incubation
of the protein with the enzyme. (B) Percentage
of uncleaved S100A13 in the absence of metal
ions (solid triangles) in the presence of 2 mM
Ca21 (open circles) and in the presence of
2 mM Cu21 (solid circles). The percentage of
uncleaved S100A13 was estimated from the
intensity of the 12.5-kDa Coomassie blue-
stained band on polyacrylamide gel. The
concentrations of S100A13 and trypsin used
were 50 mM and 500 mM, respectively.
Metal Binding Afﬁnity of S100A13 1837
Biophysical Journal 91(5) 1832–1843
concentrations of Cu21 showed no change in the Tb31 ﬂuo-
rescence intensity at 565 nm (Fig. 6 C). These results clearly
indicate that Ca21 and Cu21 do not compete with each other
for the same binding sites in S100A13. In the event of com-
petition between the metal ions to bind to the same sites on
S100A13, the Tb31 ﬂuorescence (at 565 nm) is expected to
show a decrease with an increase in concentration of Cu21.
Interplay between Ca21 and Cu21 binding
to S100A13
All the resonances (1H, 13C, and 15N) in the Ca21-bound state
of S100A13 have been assigned (28). The three-dimensional
solution structure of S100A13 in the Ca21-bound state has
been reported (15). As for all other S100 proteins, S100A13
also has two distinct Ca21 binding sites. As stated earlier, the
Ca21-binding sites are located in the loops of the two helix-
loop-helix motifs. ITC and Tb31-based ﬂuorescence energy
transfer experiments clearly suggest that Cu21 can bind to
S100A13 even in the presence of Ca21. In this context, it
would be interesting to identify the Cu21 binding sites on the
Ca21-bound S100A13. Increasing addition of paramagnetic
Cu21 results in a progressive decrease in intensity of a few
selected crosspeaks in the 1H-15N HSQC spectrum of Ca21-
bound S100A13 (Fig. 7). The residues whose crosspeaks
show a signiﬁcant decrease include Thr-7, Glu-8, Leu-33,
Asn-34, His-48, Leu-71, Arg-72, Phe-73, Ser-74, Trp-77, and
Arg-78. There is no indication of a major conformational
change when Cu21 binds to Ca21-bound S100A13. The
residues that bind to Cu21, in the Ca21-bound S100A13 state,
appear to be distributed in two locations. One site comprises
of Leu-33, Asn-34, Leu-71, and Arg-72, located on the
b-sheet between helix-3 and helix-4 (Fig. 8A). The residues in
the second Cu21-binding site include Thr-7, Glu-8, and His-
48. These residues are situated in the hinge region between
helix-2 and helix-3 and constitute an exclusive Cu21-binding
site (Fig. 8 B). Although the ﬁrst Cu21 binding site partially
overlaps with the Ca21 binding site, we believe that the
binding of the two kinds of ions to the protein (S100A13) is
notmutually exclusive. This notion is supported by the results
of the ITC and Tb31 binding experiments, which show that
two Cu21 ions bind per monomer of the Ca21-bound
S100A13. In addition, the isocompetition point mass of the
Ca21-bound S100A13 treated with 2 mM Cu21 (after
exhaustive dialysis) showed that two Cu21 and two Ca21
ions are simultaneously bound to the protein (data not shown).
These results unambiguously demonstrate that S100A13 has
distinct Ca21- and Cu21-binding sites and, therefore, the
binding of one metal ion does not hamper the protein’s
binding to the other metal ion.
1H-15N HSQC spectra of Cu21-bound S100A13 at in-
creasing concentrations of Ca21 show a progressive increase
in the dispersion of the crosspeaks. The 1H-15N HSQC spec-
trum of Cu21-saturated S100A13 in the presence of 2 mM
Ca21 mostly resembles the one obtained for the protein
FIGURE 4 1H-15N HSQC spectra of (A) apo-S100A13 and (B) S100A13
in the presence of 2 mM CaCl2. (C) S100A13 in the presence of 2 mM
CuCl2.
1H-15N HSQC spectra were obtained at a protein concentration of
0.1 mM in 25 mM Tris buffer (pH 7.2) containing 25 mM KCl. The buffer
solution was prepared in 90% H2O and 10% D2O. HSQC spectra were
acquired at 25C. The boxed area represents the crosspeaks of residues that
are locating in close proximity to the Ca21-binding site.
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(S100A13) in the presence of calcium alone. These results
suggest that Ca21 not only binds to Cu21-bound S100A13
but also induces a conformational change that is similar to
the one observed when Ca21 binds to the apo-state of the
proteins. The effects of Ca21 and Cu21 on the structure of
S100A13 appear to be distinctly different. Binding of Cu21
does not result in discernible conformational change(s) in
S100A13. On the other hand, Ca21, upon binding to the apo-
S100A13 or the Cu21-bound S100A13, induces a prominent
change(s) in the conformation. Many S100 proteins have
been previously shown to bind to transition metals like Zn21
(22). Just as with Ca21, binding of Zn21 is also known to
cause large conformational changes in S100 proteins such as
S100B, S100A7, and S100A12 (22). Binding of Zn21
invariably affects Ca21 binding and increases target protein-
protein afﬁnities of S100 proteins. In marked contrast, Cu21
appears to play a more docile role as it neither induces a con-
formational change in S100A13 nor increases the binding
afﬁnity of Ca21 to the protein.
Metal binding alters the stability of the protein
Metals not only induce conformational changes but are also
known to alter the stability of proteins (33). Investigation of
the effect(s) of metal-ion binding may be important to under-
standing their physiological role(s) in modulating the func-
tional properties of proteins. In this context, we performed
thermal denaturation experiments to examine the inﬂuence
of Ca21 and Cu21 on the thermodynamic stability of apo-
S100A13. The far-ultraviolet CD spectrum of S100A13, at
25C, shows double minima centered at 208 nm and 222 nm
(data not shown). These spectral features are consistent with
the predominantly helical nature of the protein. Thermal
denaturation of apo-S100A13 monitored using ellipticity
changes at 222 nm shows that the protein begins to unfold at
68 6 1C and complete unfolding occurs beyond 80C. The
apparent Tm (temperature at which 50% of the protein
molecules exist in the denatured state(s)) value for the un-
folding reaction of apo-S100A13 is estimated to be 766 1C
(Fig. 9 A). Interestingly, in the presence of 2 mM Cu21, the
conformational stability of apo-S100A13 is drastically re-
duced (Tm ¼ 58 6 1C). Addition of Ca21 (2 mM) to the
apo-S100A13 appears to signiﬁcantly stabilize the protein
(Fig. 9 A). The apparent Tm for the unfolding reaction of
Ca21-bound S100A13 is 92 6 1C. Treatment of Cu21-
bound S100A13 with 2 mMCa21 results in an increase in the
thermal stability of the protein. The apparent Tm value of the
protein is almost similar (Tm ¼ 90 6 1C) to the one ob-
served when apo-S100A13 is treated with 2 mM Ca21 alone
(Fig. 9 A). Surprisingly, the thermodynamic stability of Cu21-
bound S100A13 treated with 2 mM Ca21 is signiﬁcantly dif-
ferent from that of Ca21-bound S100A13 treated with 2 mM
Cu21. The Tm of unfolding of the former is ;10C lower
than that of the latter (Fig. 9 A). Although two Cu21 ions and
two Ca21 ions bind to the protein under both of these con-
ditions, the disparities in stabilities observed could be pos-
sibly attributed to the subtle differences in the degree of
compactness of the structure of the protein under these two
conditions. The structure of the Cu21-bound S100A13 treated
with 2 mM Ca21 appears to be less compact (or less stable)
than the structure of the Ca21-bound S100A13 treated with
2 mM Cu21. The high conformational ﬂexibility of the
Cu21-bound S100A13 treated with 2 mM Ca21 is supported
by results of the amide proton exchange experiments.
FIGURE 5 Binding curves repre-
senting the titration of (A) Ca21-bound
S100A13 with Cu21, (B) Cu21-bound
S100A13 with Ca21. S100A13 was
prepared in 25 mMTris buffer (pH 7.2),
containing 25 mM KCl. ITC experi-
ments were performed at 25C and the
data were corrected for heats of dilution
and ionization. The upper and lower
panels represent the raw data and the
best ﬁts of the raw data, respectively.
The concentration of S100A13 used
was 100 mM.
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Comparison of the 1H-15N HSQC spectra of S100A13
obtained under these two conditions in D2O (after incubation
of the protein in D2O for 10 min) clearly shows that most of
the residues at the dimer interface and in helix 3 and helix 4
are protected against exchange in S100A13 bound to Ca21
alone (Fig. 9 B). Interestingly, in Cu21-bound S100A13
treated with 2 mM Ca21, most of the amide protons of
residues in these regions are exchanged with D2O (Fig. 9 C).
The results of the amide proton exchange are in good
agreement with the thermal unfolding experiments and
suggest that the ﬁnal conformational stability of S100A13 is
dependent not only on the nature of the metal ions but also on
the order in which the metal ions bind to the protein.
S100A13 binds to the C2A domain of
synaptotagmin 1 (Syt1)
We had previously demonstrated that the C2A domain
synaptotagmin 1 has high binding afﬁnity for Cu21 (Kd(app)
FIGURE 6 Terbium binding to S100A13. (A) Titration of apo-S100A13
with increasing concentration of TbCl3. (Inset) Titration of apo-S100A13
with increasing concentrations of Tb31 (solid circle); S100A13 saturated with
Tb31 and titrated with increasing concentrations of CaCl2 (open circle)
represents change in Tb31 ﬂuorescence (at 545 nm) in the absence (solid
circle) and presence (open circle) of various concentrations of Ca21. (B)
Titration of Cu21-bound S100A13 with increasing concentrations of Tb31.
(C) Terbium-bound S100A13 titrated with increasing concentrations of
CuCl2. The inset ﬁgure in each panel shows the change(s) in the Tb
31
emission intensity (at 565 nm) under experimental conditions used in the
corresponding panel. The concentration of S100A13 used was 50 mM. All
solutions were prepared in 25 mM Tris buffer (pH 7.2, containing 25 mM
KCl. The appropriate blank corrections were made in all spectra. The direction
of the arrows in A and B indicate the increase in the Tb31 ﬂuorescence.
FIGURE 7 Two portions of the overlapped 1H-15N HSQC spectra of
Ca21-bound S100A13 (black) and Ca21-bound S100A13 in the presence of
2 mM Cu21 (red). S100A13 (0.1 mM) was prepared in 25 mM Tris buffer
(pH 7.2, dissolved in 90% H2O 1 10% D2O) containing 25 mM KCl.
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is in the micromolar range (38)). Four Cu21 ions bind per
molecule of the C2A domain. No discernible conformational
change(s) were observed in the C2A domain upon binding
to the metal ion. We performed ITC experiments to ex-
amine whether apoS100A13 and the apo-C2A domain
interact with each other. The binding isotherm representing
the S100A13-C2A titration shows that these proteins interact
with each other at a stoichiometric ratio of 1:2 (Fig. 10).
Apo-S100A13 binds to the apo-C2A domain with moderate
afﬁnity (Kd; 85 mM) and the binding proceeds with the ab-
sorption of heat (Fig. 10). The binding afﬁnity does not change
signiﬁcantly with increase in the NaCl concentration (in the
range of 50 to 250 mM, data not shown). In addition, titration
FIGURE 9 (A) Thermal unfolding curves of S100A13 monitored by
changes in ellipiticity at 222 nm, apo-S100A13 (open circles); S100A13 in
2 mM CaCl2 (solid circles); S100A13 in 2 mM CuCl2 (solid triangles);
Cu21-bound S100A13 treated with 2 mM CaCl2 (plus symbols); and Ca
21-
bound S100A13 treated with 2 mM CuCl2 (X). The concentration of
S100A13 used was 0.1 mM. All experiments were performed in 25 mM Tris
buffer (pH 7.2) containing 25 mM KCl. Blank corrections were made in all
data. (B and C) 1H-15N HSQC spectra of S100A13 in 2 mM CaCl2 and
Cu21-bound S100A13 treated with 2 mM CaCl2. The
1H-15N HSQC were
acquired after 10 min of initiation of deuterium exchange at 25C. The
concentration of the protein used was 0.5 mM.
FIGURE 8 (A) Chemical shift perturbation plot of Ca21-bound S100A13
titrated with 2 mM CuCl2. There are two prominent sites (site 1.T7, E8, and
H48; site 2.E27, G31, L33, R72, and F73) in the protein at which Cu21 ions
appear to bind. The concentration of S100A13 used was 0.1 mM. The
protein was prepared in 25 mM Tris buffer (pH 7.2) containing 25 mM KCl
and 90% H2O and 10% D2O. The experiment was performed at 25C. (B)
MOLMOL representation of the backbone fold of S100A13 showing the
Cu21 (green) and Ca21 (red) ions bound to S100A13.
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of S100A13 and the C2A domain in the presence of excess
of Cu21 (2 mM) does appear to affect the binding afﬁnity
between these proteins (data not shown). These results sug-
gest that interaction between S100A13 and the C2A domain
is not driven by Cu21.
DISCUSSION
Maciag and coworkers established that Cu21 is mandatory
for the secretion of FGF-1 into the extracellular compartment
(18). It is believed that the Cu21-induced oxidation of the
thiol group of Cys-30 leading to the formation of the FGF-
1 homodimer, is a crucial step in the nonclassical release of
FGF-1. However, the source of Cu21 that is required for the
oxidation of Cys-30, is still not clear. It is well known that
free copper is highly reactive and toxic, and accumulation of
the free ionic form of copper is expected to have detrimental
effects on the cell (34). To overcome this problem, cells have
evolved a mechanism involving small copper-binding pro-
teins called the ‘‘copper chaperones’’ (35). These ‘‘copper
chaperones’’ receive Cu21 from cell-surface copper trans-
porters and distribute them to the destination proteins that
require Cu21 for their function(s). Atx1, CCS, and Cox17
are well-studied ‘‘copper chaperones’’ found in the cyto-
plasm of cells (36). Although there is no experimental evi-
dence of any of the ‘‘copper chaperones’’ interacting with
proteins (such as S100A13 or synaptotagmin) that are in-
volved in the multi-protein FGF release complex, it is
reasonable to predict that the Cu21 ions required for the for-
mation of the FGF dimer are transferred from one of the
‘‘copper chaperones’’ to proteins involved in the FGF re-
lease complex.
Several members of the S100-family have been reported
to bind to transition metals like Cu21 and Zn21 (22). In-
terestingly, S100B and S100A5 play important roles in
copper homeostasis as well as in prevention of copper-
induced oxidative damage in the brain (3). These S100
proteins, including S100A13, bind to Cu21with moderate af-
ﬁnity in the micromolar range (22). Interestingly, unlike the
Cu21-binding proteins (like superoxide dismutase, prion pro-
teins, and the ‘‘copper chaperones’’ such as Atx1 and CCS),
the S100 proteins lack the typical copper-binding motif (37).
In this context, it may be worth mentioning that RNase A,
which also lacks the typical copper-binding motif, binds to
Cu21 (36). Crystal structure of the Cu21-bound RNaseA
revealed that copper binds to the a-amino group of lysine,
the carboxyl group of glutamic acid, and the imidazole group
of histidine. The Cu21-binding afﬁnity of S100A13 appears
to bear importance in the secretion of FGF-1 through
the nonclassical pathway. The Cu21-binding afﬁnities of the
‘‘copper chaperones’’ and S100A13 are similar (in the
micromolar range). Therefore, it is possible that S100A13 is
the direct recipient of Cu21 from the ‘‘copper chaperones’’.
The Cu21 bound to S100A13 is possibly then transferred to
the C2A domain of synaptotagmin 1 (Syt1). This notion of
the transfer of Cu21 from S100A13 to the C2A domain of
synaptotagmin is reasonable because 1), ITC experiments
show that S100A13 and C2A domain of Syt1 interact with
each other with moderate afﬁnity (Fig. 10); 2), the C2A
domain binds to Cu21 with very high afﬁnity in the
nanomolar range (38); and 3), ITC and 1H-15N HSQC per-
turbation experiments suggest that the C2A domain binds to
FGF-1 (38). As FGF-1 and the C2A domain of Syt1 are
involved in direct interaction, the Cu21 bound to the C2A
domain is possibly utilized to promote the speciﬁc oxidation
of Cys-30 in FGF-1 to form the homodimer. At this juncture,
the mechanism proposed for the Cu21-induced FGF
homodimer is purely speculative. More detailed structural
characterization of the binding interfaces between proteins
(S100A13 and FGF-1) involved in the multi-protein FGF
release complex is required to validate the proposed mech-
anism. Also, based on the results of this work, the mutation
analysis of Cu21 binding sites of S100A13 will facilitate a
better understanding of the role of the metal ion in the non-
classical export of the FGF-1 release complex.
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